Abstract The "frontal aging theory" assumes the deterioration of executive/inhibitory functions as causal factors for the cognitive decline in human aging. The contingent negative variation resolution (CNV-R) is an electroencephalographic potential elicited after the second (informative) stimulus in warned Go/NoGo tasks requiring a response to one type of stimulus (Go) but not to the other (NoGo). Whereas the CNV-R across conditions is a measure of executive functions, the augmented potential in the NoGo condition is a specific measure of inhibitory processes. The aim was to examine the presumed linkage between executive processes and the CNV-R with special regard to inhibition in the NoGo condition, and to test whether any effects of age on this potential can be explained by a failure of (inhibitory) executive functions. Nineteen young and 15 elderly non-demented healthy volunteers were examined in a Go/NoGo CNV-R paradigm and on a test of executive functions focussed on set shifting (Trail Making test). Results showed: (1) Better executive functions are associated with higher amplitudes of the CNV-R across conditions. (2) The CNV-R is higher for elderly than younger subjects; this increment is much stronger in the NoGo condition. In conclusion, the CNV-R across conditions reflects executive processes such as the shift of motor set. A higher CNV-R for elderly subjects (particularly of the inhibition-related NoGo CNV-R) indicates that this group is not impaired in the available amount of executive control but may exert such control for task demands where young subjects do not require it.
Introduction
The human aging brain shows greater structural changes in the frontal lobes compared to other regions (Haug and Eggers 1991; Phillips and Della Sala 1999; Terry et al. 1987) . The frontal lobes play a pivotal role for executive functions (Konishi et al. 1998; Rubia et al. 2001) . Coincidently, elderly subjects perform worse in executive tests such as Word Fluency, Trail Making and the Wisconsin Card Sorting test (Lezak 1995) . This led to theories that a specific deterioration of frontal lobe functions is the relevant feature for human adult aging. Anatomical and functional imaging data suggests that mainly functions of dorsolateral frontal regions are impaired (Phillips and Della Sala 1999) which are essential for the exertion of switching and inhibitory control (Passingham 1993) . This confirms observations that in higher age inhibitory control is more severely impaired than other executive functions such as working memory (Christ et al. 2001; Sweeney et al. 2001) . Several authors have criticised this 'frontal aging theory', emphasizing that the frontal cortex is only one among a number of cerebral structures affected in the course of human aging (Braver et al. 2001; Greenwood 2000; Rubin 1999 ). According to these authors, an extensive connectionist approach is more valid to explain age-related deficits of cognition.
The contingent negative variation (CNV) is a slow surface-negative electroencephalographic (EEG) potential recorded in warned reaction time paradigms between an earlier warning stimulus and a later imperative stimulus. The CNV is followed by the CNV resolution (CNV-R), a positive-going potential elicited after the imperative stimulus (Tecce and Cattanach 1993) which reflects executive functions such as set shifting and resetting of the current motor program (Jackson et al. 1999) . If the CNV-R is recorded in Go/NoGo tasks where subjects are required to make some specific response to one type of stimulus (Go) but not to the other (NoGo) and full information about the correct response is exclusively provided with the imperative stimulus, it is larger and has a more anterior frontocentral maximum after NoGo stimuli (Roberts et al. 1994; Simson et al. 1977; Smith et al. 2008) .
1 The unequal distribution suggests that different generators are active in the two conditions. In the NoGo condition any prepared motor or mental reaction cannot be exercised and has to be suppressed. Previous studies therefore assumed inhibitory processes as the relevant sources for the higher NoGo CNV-R (Kiefer et al. 1998; Pfefferbaum and Ford 1988; Roberts et al. 1994; Salisbury et al. 2004) . In later intervals after the informative stimulus, inhibition is no longer needed to prevent imminent movement but might be relevant for the down-regulation of residual preparatory or cognitive activities. Recent data suggest that in fact inhibition extends to cognitive and other non-motor domains (Smith et al. 2008) .
By now there are no studies exploring effects of age on the CNV-R. Pfefferbaum and Ford (1988) examined effects of age in a similar electrophysiological paradigm, the continuous performance task. Because these authors focussed on other aspects of the CNV-R, in their statistical analysis the amplitude data was averaged across conditions. However, from visual inspection of their Figure 1 it is apparent that amplitudes of the NoGo CNV-R increase with higher age over frontal and perhaps central electrodes. Similar results were obtained by Wild-Wall and collaborators (2007) in a continuous performance task using a visual search pradigm, and by Vallesi and collaborators (2009) in two Go/NoGo experiments with either visual or auditory stimuli. Higher amplitudes of the NoGo CNV-R in elderly subjects contradict present concepts of reduced executive functions in higher age. However, the relationship of executive performance and the CNV-R has as well not been tested before.
The aim was to examine effects of age and executive functions on the amplitude of the CNV-R. We chose to examine preparation and inhibition in a very simple Go/NoGo task which all participants could perform with high accuracy. The reasoning was that any differences of CNV-R amplitudes between young and elderly subjects could thus be attributed to differences in the applied strategies rather than different performance levels. Particular emphasis was given to the NoGo CNV-R which is considered to reflect inhibitory processes best. According to our first hypothesis, if a general reduction of executive functions is the relevant feature of human aging ('frontal aging theory'), then the CNV-R was predicted to be smaller for elderly compared to young subjects. In extension of the first hypothesis, if such a failure of executive control in higher age affects mainly inhibition, then we expected a specific attenuation of the NoGo CNV-R in the elderly. These effects were expected to be strongest over midfrontocentral electrodes where differences associated with age and between Go and NoGo CNV-R are largest. According to our second hypothesis, if there is an association between the CNV-R and set shifting, then poorer executive functions should be associated with smaller amplitudes of the CNV-R across conditions. Again, this effect was expected to be maximal over mid-frontocentral electrodes.
Methods

Participants
Nineteen young healthy subjects (six males, 13 females) aged 18 to 29 years (mean 23±SD 3 years) and 15 elderly healthy subjects (four males, 11 females) aged 53 to 74 years (mean 66±7 years) with an equivalent level of education (young: 13±3 years; elderly: 12± 4 years) were recruited from our panel of volunteers. All were right-handed (Salmaso and Longoni 1985) , had no history of psychiatric or neurological disease, normal hearing and normal or corrected-to-normal vision.
Neuropsychological assessment
The neuropsychological assessment took place before the EEG recording. The Mini-Mental State Examination (MMSE) is a 30-point screening test for dementia (Folstein et al. 1975) . The short procedure tests various functions such as orientation, memory, arithmetic, language use and comprehension. A score of 27 or higher is considered normal (Crum et al. 1993) and was achieved by all participants.
The Trail Making test (Lezak 1995; Reitan 1958 ) is a visuomotor task that consists of two parts: in part A the participant must draw lines to connect consecutively numbered circles on one worksheet, and in part B then connect the same number of consecutively numbered and lettered circles by alternating between the two sets. The instruction for both parts is to perform the test as correct and as fast as possible. In case of any errors made by the subject, the examiner has to point out these as they occur so that the subject can always complete the test without errors and the scoring can be based on time alone (Lezak 1995) . The time required to complete each task represents the relevant scores. In contrast to part A, part B involves frequent switching between two mental sets. Because visual search and general motor speed are relevant for both parts of the test, calculation of the difference score between parts A and B minimises these interfering effects. The TM B-A score is therefore well established as an instrument to assess executive functions with special emphasis on set shifting. While some researchers use the TM B/A ratio for the same purpose (Arbuthnott and Frank 2000) , a large-scale (n=285) comparative assessment of the two scores observed better discriminatory power of the TM B-A score with respect to the detection of performance differences between young and elderly subject (Drane et al. 2002) .
Experimental design and procedure
Subjects performed a warned Go/NoGo task requiring a bilateral symmetric index finger to thumb opposition movement. A medium frequency warning tone (1,000 Hz, 200 ms) was first presented via a loudspeaker, and followed exactly 2 s later by an imperative stimulus consisting of either a high frequency (1,500 Hz, 200 ms) or low frequency tone (500 Hz, 200 ms) representing Go and NoGo signals, respectively. Upon hearing the high frequency Go signal, subjects were required to touch the index finger with the thumb simultaneously with both hands. Upon hearing the low frequency NoGo signal, subjects had to withhold responses. Go and NoGo stimuli were presented in a random order with the same probability. The interval between the imperative stimulus of the present trial and the warning stimulus for the subsequent trial varied randomly from 5.5 to 8.0 s. Subjects were comfortably seated with their arms supported by padded armrests. They wore a glove on their right hand with electrical contacts on the thumb and index finger. Subjects were instructed to perform the instructed movements as quick as possible. A total of 400 to 500 trials was recorded from each participant (duration about 70 min).
Recording of cortical potentials EEG activity was recorded using Ag/AgCl electrodes from the sites F7, F3, Fz, F4, F8, T3, C3, Cz, C4, T4, P7, P3, Pz, P4 and P8 (Chatrian et al. 1985) , referenced to linked mastoids. The linked average was calculated so that unequal impedance at the two mastoids could not distort hemispheric symmetry. In addition, horizontal and vertical electrooculogram (EOG; electrode positions: above and below the left eye and adjacent to the outer canthus of each eye) and electromyographic activity (EMG) from left and right musculus flexor digitorum superficialis were recorded. Electrode impedance was kept below 5 kΩ.
EEG and EOG were recorded in DC mode, frequency band DC to 100 Hz (EEG) and DC to 41 Hz (EOG), respectively. EMG was recorded in AC mode. The analogue EMG signal was band pass filtered 0.1 to 300 Hz and the filtered signal then rectified (Lindinger et al. 1990 ). EEG, EOG and the envelope of the rectified EMG were digitized on-line at a rate of 250 Hz and stored for subsequent analysis. The EEG was corrected for minor eye blink artefacts with an automatic blink correction algorithm (Lindinger et al. 1990 ). Trials with gross artefacts remaining after this correction were rejected manually after trial-by-trial visual inspection.
For all correct trials, event-related potentials were averaged time-locked to stimulus presentation and corrected to a baseline calculated from 250 ms before the imperative stimulus to the onset of this stimulus. Each subject's mean amplitude of the CNV-R was defined as the average amplitude in the interval from 300 to 600 ms after onset of the imperative stimulus (Jodo and Inoue 1990; Lai et al. 1997 ) and was calculated separately for each electrode and condition.
Recording of behavioural data
Reaction times were saved for subsequent analysis. The following boundaries were applied for error analysis: (1) reaction to the warning stimulus: 0.00 to 0.99 s after the warning stimulus; (2) anticipations: 1.00 s before to 0.09 s after the imperative stimulus; (3) Commission errors: 0.09 to 1.00 s after the imperative stimulus in NoGo trials; (4) Omission errors: no response in Go trials.
Data analysis
Amplitudes of the CNV-R were subject to a repeated measures analysis of covariance (ANCOVA) with CON-DITION (Go vs. NoGo), lateral electrode position (LAT: left lateral, left medio-lateral, median, right medio-lateral, and right lateral) and coronal electrode position (COR: frontal, central, and parietal) as the within-subject factors, GROUP (young vs. elderly subjects) as the betweengroups factor and TM B-A (difference score of the Trail Making test) as the covariate. Following suggestions from one reviewer, the ANCOVA analysis was recalculated with the TM B/A ratio instead of the TM B-A score as the covariate. The Kolmogorov-Smirnov test was used to test whether a Gaussian distribution could be assumed for these covariates. Where appropriate, Huynh-Feldt corrected univariate F values are reported. Only significant main or interaction effects are reported. Behavioural and neuropsychological data were analysed using non-parametric Mann-Whitney tests for between-groups comparisons. For all comparisons, the level of significance was set to p≤0.05.
Results
Neuropsychological data
For the MMSE, the mean score was 29.4±SD 0.8 for young subjects and 28.8±SD 0.8 for elderly subjects. This difference between young and elderly subjects was not significant (Mann-Whitney test, U=91, p=0.071). For the Trail Making test, scores of part A were 27±9 s for young subjects and 43±9 s for elderly subjects. This difference between young and elderly subjects was significant (Mann-Whitney test, U=26, p<0.001). The TM B-A scores were 29±15 s for young subjects and 49±23 s for elderly subjects. This difference was also significant (Mann-Whitney test, U=66, p=0.007). The TM B/A ratios were 2.2±0.5 for young subjects and 2.1±0.5 for elderly subjects, and this difference was not significant. The distribution of TM B-A and TM B/A scores was tested for use in subsequent analyses. A Gaussian distribution could be assumed for both variables (Kolmogorov-Smirnov tests, all p>0.200).
Behavioural data
Reaction times were longer for elderly than young subjects (Table 1) . Elderly subjects committed slightly more anticipations, commission errors and omission errors than young subjects. However, none of these differences was significant (Mann-Whitney test, all U≥93, all n.s.). Table 2 shows the behavioural data in relation to neuropsychological performance (a median split is applied here for illustrative purposes only). Subjects with poorer executive functions showed a non-significant tendency towards longer reaction times and more anticipations, commission errors and All values are given as mean±standard deviation (SD) omission errors than subjects with better executive functions (Mann-Whitney test, all U≥90, all n.s.).
Collinearity diagnostics
To test for potential problems of collinearity, we have calculated correlation analyses of variables age and the ANCOVA covariates. Results showed a moderate correlation of age with TM B-A (Pearson's r=0.48, n=34, p=0.004) for an analysis with two age groups, indicating that despite a significant association of these two variables collinearity is below the critical threshold usually assumed at r>0.8 (Goodwin 1998) . The correlation between age and the TM B/A ratio was even weaker (Pearson's r=0.03, n=34, p=0.880), again suspending collinearity.
Electrophysiological data
Figures 1 and 2 show the CNV-R for Go and NoGo trials, separately for each scalp location and for young and elderly subjects. For both groups, the most prominent component after the imperative stimulus is the CNV-R, a positive waveform with a latency of about 300 ms. The average amplitude of this potential is higher for the NoGo compared with the Go condition. For elderly subjects, however, the peak amplitude at frontal and central midline electrodes Fz and Cz is clearly higher than for young subjects, notably in the NoGo condition.
The results of the statistical analysis are given in Table 3 . The main effect of GROUP is explained by more positive amplitudes for elderly compared to young subjects. The main effect of TM B-A indicates a significant association of better frontal lobe function with higher amplitudes of the CNV-R. The main The Trail Making difference score (TM B-A ) was used to assess executive functions. In a median split (used for this illustrative purpose only), TM B-A scores below 33.5 s were assigned to the subsample with better executive functions (n=17; 12 young, five elderly), and scores above 33.5 s to the subsample with poorer executive functions (n=17; seven young, ten elderly). All values are given as mean±standard deviation (SD) The main effect of CONDITION was not significant. The interaction COR by LAT confirms that across conditions the highest amplitudes of the CNV-R are found at parietal midline electrodes. The interactions CONDITION by COR and CONDITION by LAT indicate that the increase of amplitude in the NoGo condition is strongest at frontal and central midline electrodes. The interaction GROUP by LAT indicates that for elderly subjects amplitudes are higher over midline compared with left and right lateral electrodes whereas for young subjects this difference is very small and not significant (see also Fig. 3) .
The interactions GROUP by CONDITION by LAT and GROUP by CONDITION by COR by LAT indicate that for elderly compared to young subjects, the CNV-R in the NoGo condition is higher (more positive) at frontal and central midline electrodes (Fig. 3) . This was shown in a post hoc analysis revealing that the simpler interaction effects GROUP by LAT and GROUP by COR by LAT are significant in the NoGo condition (F 4,120=6.24; p=0.005; F 8,240=3.90; p=0.005) but not in the Go condition (F 4,120=0.94, n.s.; F 8,240=1.32, n.s.). Further The degree of freedom (df) and the F ratio are presented as actual values, whereas the p value is that associated with the conservative df after Huynh-Feldt correction analysis of amplitudes in the NoGo condition revealed that the main effect of GROUP is strongest over midline electrodes (from left to right: F 1,30=3.07, 5.50, 5.72, 5.12, 0.05; n.s., p=0.026, p=0.023, p=0.031, n.s.); the interaction GROUP by COR is also strongest at midline and, in addition, left lateral electrodes (from left to right: F 2,60=4.60, 2.40, 3.25, 1.22, 1.04; p=0.032, n.s., p=0.050, n.s., n.s.). Finally, amplitudes over midline electrodes in the NoGo condition show the strongest effect of GROUP at frontal and central (F 1,30=10.57, 5.96; p=0.003, 0.021) as compared with parietal electrodes (F 1,30= 1.48; n.s.). The interactions TM B-A by LAT and TM B-A by COR by LAT are explained by a significant association of better frontal lobe function (lower scores of TM B-A ) with more positive amplitudes of the CNV-R. These effects were strongest at central midline electrodes (Fig. 4) . If these interactions are broken down into simpler effects, the main effect of TM B-A is stronger over midline electrodes compared to lateral electrodes (from left to right: F 1,30=3.21, 5.67, 6.95, 3.51, 0.92; n.s., p=0.024, p=0.013, n.s., n.s.). In accordance, the interaction TM B-A by LAT is strongest at central electrodes (from frontal to parietal: F 4,120=1.26, 4.57, 3.67; n.s., p=0.013, p=0.036), and at central sites the main effect of TM B-A is stronger over midline than lateral electrodes (left to right: F 1,30=3.66, 7.40, 8.32, 4.60, 0.93; n.s., p=0.011, p=0.007, p=0.040, n.s.).
Supplementary analyses
A separate ANCOVA analysis with the same withinsubject and between-group factors but the TM B/A ratio as the covariate revealed that a main effect of TM B/A is Fig. 3 Amplitude of the CNV-R after the imperative stimulus, separately for young (broken line) and elderly (solid line) subjects. Data from the Go condition are shown in the left diagram, and data from the NoGo condition are shown in the right diagram. For elderly subjects, amplitudes of the CNV-R at frontal and central (arrow) electrodes are higher at midline than lateral electrodes. Error bars indicate standard error Fig. 4 Amplitude of the CNV-R separately for subjects with better (broken line) and poorer (solid line) frontal executive functions as assessed with the Trail Making difference score (TM B-A ). In a median split only applied for the illustrative purpose of this figure, TM B-A scores below 33.5 s were assigned to the subsample with better executive functions (n= 17; 12 young, five elderly), and scores above 33.5 s to the subsample with worse executive functions (n=17; seven young, ten elderly). Amplitudes of the CNV-R at central midline electrodes are higher for subjects with better executive functions (arrow). Error bars indicate standard error not significant (F 1,30 =1.44; n.s.) whereas the interactions TM B/A by LAT (F 4,120=3.60; p=0.026) and TM B/A by COR by LAT (F 8,240=2.23; p=0.050) remained significant. In analogy to our original analysis, there were no further significant interaction effects of TM B/A with other factors. In summary, an analysis with the TM B/A ratio instead of the TM B-A difference score lead to almost identical results.
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Discussion
To summarize the main results: (1) The CNV-R at frontal and central midline electrodes is higher (more positive) in the NoGo compared with the Go condition.
(2) Better inhibitory/executive functions are associated with higher amplitudes of the CNV-R across conditions. This effect is also strongest at central midline electrodes. (3) The amplitude of the CNV-R is higher in elderly compared to young subjects. This increment is strongest in the NoGo condition and again most pronounced at frontal and central midline electrodes. (4) As expected, executive functions (Trail Making TM B-A scores) in young subjects are higher than those in the elderly.
Young and elderly subjects were well matched in terms of education, and both groups did not show any evidence of cognitive deficit. The reaction times in Go trials were slightly slower in elderly than young subjects, and some types of error were committed more often by the elderly. However, these small differences were not significant for any of the behavioural measures. For both groups, reaction times and error scores are most similar to those reported in previous studies (Bruin and Wijers 2002; Roberts et al. 1994) . Scores of the Trail Making test were in the normal range of the respective age cohort (Drane et al. 2002; Goul and Brown 1970) , confirming poorer performance of the elderly. As expected, the TM B-A score had better discriminatory power than the TM B/A score (Drane et al. 2002) . In agreement with previous studies, amplitudes of the CNV-R were higher and the maximum was more anterior in the NoGo compared with the Go condition (Bruin and Wijers 2002; Salisbury et al. 2004; Simson et al. 1977) .
Relation of the CNV-R to preceding preparatory activity An alternative explanation for the between-group differences would be carryover effects which arise from group differences in the late CNV (the baseline interval in our experiment). It could be argued that the amplitude of the CNV-R is higher (more positive) whenever the preceding late CNV had higher (more negative) amplitude. However, previous studies confute this interpretation. Studies exploring effects of age on the CNV found larger age differences for early to intermediate CNV intervals. Amplitudes of the late CNV were often quite similar, and if the differences were significant, larger amplitudes were typically found for young subjects (Dirnberger et al. 2000; Loveless and Sanford 1974; Michalewski et al. 1980; Zappoli et al. 1988; see Wild-Wall et al. 2007 for a longer discussion). A simple rebound or return of CNVnegativity to more positive values therefore cannot explain our results as the CNV-R was higher for elderly subjects, i.e. the group with a smaller late CNV. Further arguments against dominant carryover effects are the different scalp distribution of the late CNV and the CNV-R (Roberts et al. 1994 ) and regression analyses made by Oddy et al. (2005) who found that the amplitude of the late CNV was not a significant predictor of the NoGo CNV-R. Similarly, Segalowitz et al. (1992) examined the relationship of the CNV amplitude and various tests of executive functions including the Trail Making test. They found significant associations only for the early but not the late CNV, so consequently there are no effects of executive functions on the late CNV that could be carried over to the subsequent CNV-R.
In extension of the classic conception of a frontocentral early CNV followed by a centroparietal later CNV (Gomez et al. 2003) , the latter component according to our results is followed by a CNV-R with again a frontocentral maximum. Interestingly, effects of age and executive functions were strongest for the early CNV and the CNV-R, the only two components with mid-frontocentral maximum.
Alternative concepts for the CNV-R
The sources contributing to the NoGo CNV-R and its relation to inhibitory processes have been controversial (Bruin and Wijers 2002; Kiefer et al. 1998; Pfefferbaum and Ford 1988; Roberts et al. 1994; Salisbury et al. 2004; Smith et al. 2008) . Although the vast number of contributions to this topic does not allow us to summarise this entire debate, we discuss here theories with particular reference to the contexts of the present study, aging and executive functions.
The P300 is a positive scalp-recorded potential generated some 300 ms after the detection of a target stimulus which differs in some dimension from a sequence of irrelevant stimuli (Polich and Kok 1995) . Because polarity and latency of the P300 are similar to the CNV-R, a contribution of the P300 to the higher amplitude of the CNV-R in the NoGo condition was considered: Performance in NoGo trials might be more difficult than in Go trials and therefore evoke the higher potential. However, several features of the CNV-R are dissimilar to the P300. If subjects perform the same CNV task but the information is provided with the first of two successive stimuli (S1-choice paradigm), the amplitude of the potential is equivalent for Go and NoGo condition (McCallum and Curry 1981) . This suggests that motor or cognitive preparation and information update are important for the formation of the higher NoGo potential. Moreover, the scalp distribution of the NoGo CNV-R is more anterior than the one elicited in classical P300 oddball paradigms (Friedman et al. 1998; Roberts et al. 1994; Smith et al. 2008) . Finally, the amplitude of the P300 attenuates with increasing age (Polich 1996) whereas in the present experiments amplitudes of the NoGo CNV-R were higher for elderly compared with young subjects.
Another concept seeks to explain the higher amplitude of the NoGo CNV-R by movementrelated negativity in the Go condition. This negativity is proposed to add up and reduce the CNV-R in the Go condition so that the remaining net positivity in the Go condition is lower than in the NoGo condition. The same effect can explain the larger amplitude of the NoGo CNV-R contralateral to the side of movement (Lai et al. 1997; Roberts et al. 1994; Smith et al. 2008 ). However, although such an effect may contribute to the higher NoGo resolution, this concept does not explain the effects of different Go/NoGo probabilities on the CNV-R (Smith et al. 2008) . It is also in variance with observations that the amplitude of the CNV decreases or remains unaffected in higher age (Dirnberger et al. 2000; Michalewski et al. 1980; Zappoli et al. 1988) whereas the amplitude of the NoGo resolution in our study increased.
The CNV-R and set shifting The Trail Making test is an established instrument to assess set shifting (Lezak 1995) . A recent construct validation study showed that in a multivariate analysis set shifting was the only significant regressor for the TM B-A difference score whereas other executive functions such as visuomotor speed, working memory, the ability to maintain a goal and inhibition were not significant (Sanchez-Cubillo et al. 2009 ). Our results showed that better executive functions (lower TM B-A scores) are associated with higher amplitudes of the CNV-R. It is therefore likely that the observed associations between Trail Making scores and the amplitude of the CNV-R are mainly attributable to set shifting. Across conditions this may comprise downregulation of activity related to the previous trial and resetting of the current motor program.
Age and strategy
The effects of age on the amplitude of the CNV-R can be explained by subjective task difficulty and differences in the strategy used. A decline of abilities associated with higher age might compel elderly subjects to prepare tasks with more efforts and to spend additional activity if the prepared task is called off later (i.e. in NoGo trials). This additional activity might be required for the reorganisation and the re-sequencing of reactions required in the ongoing or forthcoming trial. According to this reasoning, higher age would not be characterised by reduced inhibitory functions but by greater planning and sequencing requirements possibly associated with higher subjective task difficulty for the elderly. Because planning and sequencing are executive functions as well, this explanation is in accordance with the frontal maximum of the augmented CNV-R of elderly subjects observed in this experiment.
A decline of executive functions with higher age is not necessarily linked to performance deterioration. Previous studies suggested different behavioural strategies in young and elderly subjects for a large variety of memory and executive tasks. An age-related increase in frontal activity may constitute functional compensation (Cabeza et al. 1997; Reuter-Lorenz 2002) . Neuroimaging studies of healthy aging revealed higher activation of frontal regions in elderly subjects for a similar level of performance (Friedman et al. 2008; Velanova et al. 2007) . It was subsequently suggested that older adults permanently recruit prefrontal resources for executive task demands which young subjects can perform with lower levels of activation (Friedman et al. 2008) . Although some authors emphasised inhibition among the most relevant features of human aging, it is possible to take a broader view and generalise this theory to other executive functions.
Time estimation and monitoring in young and elderly subjects Warned and unwarned reaction times become slower with advanced age (Fozard et al. 1994; Welford 1977) . Likewise, elderly subjects perform worse in tasks involving time estimation over intervals similar to those tested in the present experiment (Nichelli et al. 1993; Schaie and Syndulko 1978) . Loveless and Sanford (1974) hypothesized that older persons may have 'difficult [ies] in controlling a sequence of operations so as to initiate preparation at an appropriate time.' Elderly subjects may consequently need to prepare responses a longer time beforehand than young subjects to pertain the same level of performance.
The frontal lobes are essential for accurate processing of temporal intervals (Nichelli et al. 1995; Jones et al. 2004) . Imaging studies, intracranial recordings and surface EEG recordings in humans showed that structures of the cortical midline such as the anterior cingulate and the supplementary motor area are strongly activated during time perception and reproduction tasks compared to simpler control conditions (Hamano et al. 1997; Johannes et al. 1997; Macar et al. 1999; Rao et al. 2001) . Impaired time estimation in elderly subjects may therefore contribute to the suggested impairment of sequencing. It is also conceivable that the observed age-related differences in executive functions reflect monitoring related to some other subsequent steps of processing. The anterior cingulate is known as a relevant neuroanatomical structure for the self-monitoring of willed actions in the framework of temporal processing (Lejeune et al. 1997; Pouthas et al. 2005) , and neural activity within this structure is sensitive to aging (Cabeza et al. 1997; Sharp et al. 2006 ).
The frontal aging theory
According to Horn and Cattell's (1967) theory of intelligence, 'fluid' cognitive functions such as figural classifications, word fluency and word analogies require flexibility whereas 'crystallized' functions such as retrieval from episodic memory predominantly rely on acquired knowledge. Whereas fluid abilities decline with advancing age, crystallized abilities remained largely intact (Horn and Cattell 1967) . In more modern terminology, fluid abilities demand a higher level of executive control. This decline of executive functions with advancing age (Lezak 1995) is accompanied by anatomical changes predominantly in the frontal lobes (Haug and Eggers 1991; Terry et al. 1987) and in the striatum (Hedden and Gabrieli 2004; Rubin 1999; Umegaki et al. 2008 ). The striatum is intimately connected to the frontal lobes (Passingham 1993) , and both structures are pivotal for executive functions (Lezak 1995) . In conjunction with modern network concepts of cognition, this led to the proposition of the frontal aging theory (Moscovitch and Winocur 1995; West 1996) . According to this hypothesis, an age-related decline of frontal structures is responsible for the diminished ability of elderly adults to monitor and control processes subserved by other brain regions which may be less affected by aging (Hedden and Gabrieli 2004) .
Inhibition is one specific executive function essential, for example, to control a sequence of actions or reactions (Gade and Koch 2005) . It allows us to reject a predominant but inappropriate response so that a more suitable response (or, no response at all) can be selected. Behavioural and functional imaging studies demonstrated that with advancing age inhibition is among the most severely reduced executive functions. For example, the ability to inhibit a prepotent response and generate a compatible response is worse for children and older adults than for young adults (Christ et al. 2001) . Importantly, only for elderly subjects the slower reactions were explained by a lack of inhibitory control rather than insufficient preparation. Similarly, elderly subjects demonstrated a reduced ability to voluntarily inhibit eye movements toward targets in an antisaccade task whereas their memory for spatial location was as accurate as in young adults (Sweeney et al. 2001) .
Reconsidering the frontal aging theory
The frontal aging theory assumes a specific deterioration of frontal lobe functions as the relevant characteristic of human adult aging. The observation that amplitudes of the CNV-R were generally higher for elderly than young subjects is in variance with a pronounced reduction of inhibitory/executive functions in higher age. However, this theory could be modified so that it assumes dysregulation instead of failure of frontal executive functions with advancing age. Likewise, a modified theory could envisage an increased demand of executive control in the elderly for tasks which younger subjects perform with a lower level of control. This higher level of executive control would be paralleled by increased frontal activation. The findings of the present study would be in agreement with these modified concepts.
Significant effects of age on the CNV-R were found in addition and in parallel to significant effects of executive functions, and the two variables did not show any simple or higher-order interactions. This indicates that some effects of executive functions on the CNV-R are independent of age. The validity of the present study is, however, limited by the sample size and the restricted number of neuropsychological measures. We propose that future studies examine larger randomized samples of young and elderly subjects in a CNV-R paradigm together with a broader battery of executive tests.
